Background: During preoxygenation, the lack of tight fit between the mask and the patient's face results in inward air leak preventing effective preoxygenation. We hypothesized that non-invasive positive-pressure ventilation and positive end-expiratory pressure (PEEP) could counteract inward air leak. Methods: Healthy volunteers were randomly assigned to preoxygenated through spontaneous breathing without leak (SB), spontaneous breathing with a calibrated air leak (T-shaped piece between the mouth and the breathing system; SB-leak), or non-invasive positive inspiratory pressure ventilation (inspiratory support þ6 cm H 2 O; PEEP þ5 cm H 2 O) with calibrated leak (PPV-leak). The volunteers breathed through a mouthpiece connected to an anaesthesia ventilator. The expired oxygen fraction (FeO 2 ) and air-leak flow (ml s À1 ) were measured. The primary end point was the proportion of volunteers with FeO 2
Editor's key points
Effective preoxygenation might not be achieved if an airtight seal cannot be obtained between the face mask and a patient's face, because air can enter the face mask. Preoxygenation through non-invasive positive-pressure ventilation and PEEP provided effective preoxygenation despite an inward air leak.
Preoxygenation with 100% inhaled oxygen is recommended before the induction of anaesthesia to increase the oxygen reserve stored in the functional residual capacity and to delay the onset of hypoxaemia in case of unanticipated difficult airway management. 1, 2 The most widely used method is spontaneous breathing (SB) of 100% oxygen for 3 min, or until the expired fraction of oxygen (FeO 2 ) reaches 90%. 3 However, the prevalence of inadequate preoxygenation (defined as FeO 2 <90%) has been reported as high as 56% during the induction of anaesthesia. 4 The possible causes are, at least in part, lack of a tight fit between the mask and the patient's face, and patient's characteristics, such as age and obesity. 5, 6 Because patients may dislike having the face mask applied tightly, anaesthesiologists may release the pressure allowing inward air leaks to occur. Thus, 20e40% air room could be inspired during preoxygenation if the face mask was not firmly applied to the patient's face. 5 In addition, leaks can occur in patients who are edentulous, who wear beard, and with a nasogastric tube in place. It has been shown that, in the presence of a calibrated leak through a 4-mm-diameter tube, the maximal FeO 2 obtained after a 3 min preoxygenation was 60% whatever the preoxygenation method (SB and four vital capacity in 30 s). 6 In a previous study, we showed that preoxygenation using positive inspiratory pressure ventilation (PPV) associated with PEEP increased the proportion of patients achieving at least 90% FeO 2 at 3 min. 7 Besides the specific pulmonary effects of PPV with PEEP, one possible hypothesis was that PPV with PEEP may counteract inward air leaks. The hypothesis of the present study was that PPV with PEEP may counteract an inward air leak during preoxygenation consequently improving its effectiveness. This is of interest for anaesthesiologists because it could be an easy way to reduce the incidence of ineffective preoxygenation, and consequently increase safety during the induction of general anaesthesia.
Methods
This study was approved by the local Ethics Committee (Comit e pour la Protection des Personnes Nord-Ouest III, Caen, France, committee reference: A15-D28-VOL.25) and registered in Clinical Trial registry (NCT03087825).
Experimental design
This was a prospective randomised (sealed envelopes) crossover controlled study including three groups according to the preoxygenation method and the presence of a calibrated air leak. The experimental groups were defined as follows: SB group without leak (SB group), which was the reference group, SB with a calibrated air leak (SB-leak group), and non-invasive PPV (inspiratory support þ6 cm H 2 O with PEEP þ5 cm H 2 O) with calibrated leak (PPV-leak group).
The allocation ratio was 1:1:1, and a resting time of 60 min was mandatory between each method of preoxygenation.
The inclusion criteria were adult healthy volunteers, aged 18 yr old and over, who completed written inform consent and medical contraindication forms. Each participant received verbal and written information about the study protocol before giving their written informed consent for participation, data acquisition, and analysis.
The exclusion criteria were participant's refusal, any medical illness, active tobacco, and BMI >30 kg m
À2
.
Experimental protocol
All experiments were carried out under the supervision of two senior anaesthesiologists. Fifteen minutes before the study, the volunteers were allowed to rest in supine position in a quiet, dimly lit, and temperature-controlled room (21e22 C).
To avoid uncontrolled air leak around a face mask, the volunteers were asked to breathe through a mouthpiece with a nose clip. The circle breathing system of the anaesthesia machine (Aisys CS 2 ; GE Healthcare, Aulnay-sous-Bois, France)
was flushed with the O 2 bypass during 30 s. Then, the volunteers were preoxygenated through a mouthpiece connected to the anaesthesia machine (Aisys CS 2 ) delivering a fresh gas flow of 12 L min À1 . The dead space of the anaesthesia machine was 9.5 ml and its resistance to flow was 0.5 cm H 2 O at 30 L min
À1
. In groups with a calibrated air leak, a T-shaped piece (internal diameter: 4 mm) was placed between the mouthpiece and the circle breathing system (Fig. 1) . The air-leak flow (ml s À1 ) was continuously measured with a pneumotachograph (Series 4500 Infant 0-35 LPM; Hans Rudolf Inc., Shawnee, USA) placed between the mouthpiece and the Tshaped piece. In all groups, the fresh gas flow was 12 L min À1 , the inspired O 2 concentration was 100%, and the adjustable pressurelimiting valve was opened. In the PPV-leak group, the inspiratory trigger sensitivity was set at e2 litres min À1 , the positive inspiratory support was set at þ6 cm H 2 O, the PEEP was set at þ5 cm H 2 O, and the maximal airway pressure was limited at 15 cm H 2 O. The study protocol ended as soon as FeO 2 reached 90%, otherwise at the end of a 5 min period.
Measurements
The volunteer's patient characteristics were recorded. The inspired and expired fractions of O 2 were measured continuously (IntelliVue G5 gas module; Philips HealthCare, Amsterdam, The Netherlands) and displayed on the anaesthesia monitor. Airway pressure (range e20 to þ100 cm H 2 O; accuracy 1 cm H 2 O) and expired volumes (range 150e2000 ml; accuracy ± 30 ml) were measured by the anaesthesia machine (Aisys CS 2 ). The inward air-leak flow was measured during each respiratory cycle and averaged during preoxygenation time.
Primary end point
The primary end point was the proportion of volunteers with FeO 2 !90% at 3 min in each group.
Secondary end point
The secondary end points were the FeO 2 measured at 3 min, the time required to reach FeO 2 of 90% with a maximal recording time set at 5 min, and the average inward inspiratory air-leak flow (in ml s
À1
) in SB-leak and PPV-leak groups.
Statistical analysis
The sample size was calculated based on the hypothesis that PPV could improve the proportion of volunteers with FeO 2 !90% from 60% in the SB-leak group to 100% in the PPV-leak group. With a two-sided a risk of 5% and a b risk of 20%, 15
volunteers must be included in each group. The normality of quantitative data was tested using the Kolmogorov and Smirnov test. The equality of variance was tested by Levene's test if required. Data are reported as mean [standard deviation (SD)] or median (quartile 25thequartile 75th) as required. Quantitative data were compared between groups with one-way analysis of variance or KruskaleWallis test, as appropriate, followed by post hoc comparisons using the StudenteNewmaneKeuls method and the ConovereInman method, respectively. Qualitative data were compared with the c 2 test. KaplaneMeier plot and log-rank test were used to analyse the rate of volunteers in whom FeO 2 !90% within the time of experiments between groups. Hazard ratio (HR) and its 95% confidence interval (CI) were reported for groups.
All statistical tests were two sided. The statistical analysis was performed using MedCalc software, version 12.2.1.0 (MedCalc Software, Mariakerke, Belgium) and R 3. 
Results
Twenty volunteers were included in the study. There were 8 women and 12 men, aged 32 (range: 26e53) yr; the weight, height, and BMI were 74 (11) kg, 175 (10) cm, and 24 (2) kg m À2 , respectively. The respiratory parameters measured are reported in Table 1 .
Primary end point
The proportion of volunteers with FeO 2 !90% at 3 min was 0% in the SB-leak group, 95% in the SB group (one volunteer had FeO 2 ¼89% at 3 min), and 100% in the PPV-leak group (P<0.001). 
Secondary end points
The time course of FeO 2 between groups is depicted in Fig. 2 . At 3 min, the mean (SD) FeO 2 was 89 (1)%, 76 (1)%, and 90 (0)% in the SB, SB-leak, and PPV-leak groups, respectively (P<0.001). The KaplaneMeier plot for the probability that FeO 2 reached 90% is depicted in Fig. 3 . The median (inter-quartile ranges) times in seconds to obtain FeO 2 !90% were 85 (75e117) and 84 (73e110) in the SB and PPV-leak groups, respectively. The SB-leak group never reached FeO 2 !90%.
In the PPV-leak group, the HR to achieve FeO 2 of 90% was 0.92 (95% CI: 0.37e2.30; P¼0.84).
Inward and outward leaks
In the SB-leak group, the inspiratory inward air leak was 59 (12) ml s À1 , but 0 (0) ml s À1 in the PPV-leak group (P<0.001).
Discussion
The present proof-of-concept study showed that preoxygenation using PPV with PEEP counteracts inward air leak during preoxygenation, fully restoring the effectiveness of preoxygenation.
Because the prediction of difficult airway management is not completely reliable, anaesthetists must be prepared to unanticipated difficult intubation, which is a potentially lifethreatening clinical problem. 8 The Difficult Airway Society 2015 guidelines for management of unanticipated difficult intubation in adults state that all patients should be preoxygenated before the induction of general anaesthesia. 2 Through increasing the oxygen reserve in the functional residual capacity, preoxygenation has been shown to delay the onset of hypoxia, and to allow more time for laryngoscopy and tracheal intubation. In current practice, a complete preoxygenation is defined by FeO 2 !90%, indicating a near-complete denitrogenation at the functional residual capacity level (i.e. alveolar fraction of oxygen close to 95%). However, an effective preoxygenation requires that the patient can breathe 100% oxygen throughout the procedure, a high fresh gas flow to avoid rebreathing, and a tightly fitted equipment to avoid inward air leak.
A large observational study showed that incomplete preoxygenation (FeO 2 <90%) was present in 56% of patients despite a 3 min preoxygenation through SB 12 L min À1 of 100% oxygen gas flow. 4 Previous studies showed that a 3 min preoxygenation procedure (SB of 100% oxygen through a face mask, fresh gas flow: 6e10 L min À1 ) could not achieve FeO 2 !90% in 20e55% of volunteers. 7,9,10 Two main hypotheses can explain an ineffective preoxygenation: rebreathing because of insufficient fresh gas flow and air leaks during the preoxygenation procedure. In the present study, one volunteer did not achieve FeO 2 !90% in the SB group despite breathing through a mouthpiece with a nose clip, which should, at least theoretically, rule out air leak. Interestingly, Baillard and colleagues 4 identified a patient's characteristics independently associated with incomplete preoxygenation (male sex, age >55 yr, lack of teeth, beard, and ASA classification greater than I), which overlap with predictive factors associated with difficult mask ventilation. Thus, patients at risk of difficult airway management might also be exposed to incomplete preoxygenation and consequently to shorter duration of apnoea without desaturation. Time course of expired oxygen fraction between groups. PPV-leak, non-invasive PPV group with a calibrated air leak; SB, spontaneous-breathing group without air leak; SB-leak, spontaneous-breathing group with a calibrated air leak.
Finally, they identified an inspired fraction of oxygen lower than 100% as the most important variable associated with incomplete preoxygenation. A low inspired fraction of oxygen may result from rebreathing expired gas, an anaesthesia circuit not filled with 100% oxygen, and inward air leaks. Thus, during a patient's preoxygenation, the fresh gas flow must be set to 12e15 litres min À1 , and the anaesthesia machine circuit, including the reservoir, must be filled with 100% oxygen. Once these issues have been ruled out, ineffective facemask seal resulting in inward air leak should be searched and corrected, especially in patients who are edentulous, who wear beard, and with a nasogastric tube in place. As early as 1955, it has been shown that, during preoxygenation, breath contaminated with room air immediately increased the endtidal nitrogen concentration and reduced the inspired fraction of oxygen.
10e12 It has been shown that, when gravity alone was used to hold the face mask inward, the air leak decreased the inspired fraction of oxygen to 84% and the maximal FeO 2 at 5 min to 75%. 9 Finally, in the presence of an air leak as small as 4 mm in diameter, the maximal FeO 2 obtained after a 3 min preoxygenation was 60% whatever the preoxygenation method used (SB and four vital capacity in 30 s). 6 In the present study, the inward air leak resulted in FeO 2 at 76% at 3 min for all volunteers. In patients, a 1 min preoxygenation through a leaky mask has been shown to result in significant desaturation 3 min after the induction of anaesthesia. 13 Taken together, these results showed that even a small air leak during preoxygenation immediately decreases the inspired concentration of oxygen, and consequently the alveolar fraction of oxygen in the functional residual capacity, which constitutes 60% of the patient's oxygen reserve after preoxygenation.
14 To our best knowledge, no study described a simple method to counteract an inward air leak during preoxygenation. We showed previously that preoxygenation using PPV with PEEP shortened the preoxygenation procedure without discomfort as compared with SB preoxygenation in patients. 7 Because airflow depends on the pressure difference between outside and inside the face mask, we hypothesized that a positive airway pressure may have counteracted the inward airflow. The present study showed that preoxygenation using PPV and PEEP resulted in FeO 2 at 90% in the PPV-leak group, suggesting that oxygen reserve in the functional residual capacity was optimal. Clinically, through counteracting inward air leak, PPV and PEEP could be an easy way to provide an effective preoxygenation and improve safety in patients prone to an inward air leak. Furthermore, PPV and PEEP may prevent early pulmonary atelectasis during induction of general anaesthesia, and could improve pulmonary function after intubation in selected patients. 15, 16 Several limitations of the present study must be pointed out. First, this was a proof-of-concept study performed in young healthy volunteers who are not representative of patients. No volunteer had patient's characteristics associated with air leak (edentulous, beard, nasogastric tube, etc.). KaplaneMeier plot for the probability that expired oxygen fraction reached 90%. PPV-leak, non-invasive PPV group with a calibrated air leak; SB, spontaneous-breathing group without air leak; SB-leak, spontaneous-breathing group with a calibrated air leak.
Further studies should be performed in patients to confirm the present results.
Second, because we wanted to rule out non-measurable leak related to incomplete face-mask seal, the volunteers breathed through a mouthpiece with a nose clip. However, it has been shown that breathing through a mouthpiece increases minute ventilation and tidal volume by 20e25% in healthy volunteers. 17 It has been shown that the use of a mouthpiece could trigger upper-airway reflexes by stimulation of the buccal mucosa and the wide open position of the mouth. 17, 18 This can explain the shorter time to obtain FeO 2 !90% recorded in the present study as compared with our previously published study in patients. 7 In conclusion, we showed that preoxygenation using PPV and PEEP ensures an optimal oxygen reserve in the functional residual capacity despite the presence of an inward air leak in healthy volunteers. This could be a method to ensure the effectiveness of preoxygenation, and thus to improve safety during the induction of anaesthesia in patients prone to inward air leak.
